I. INTRODUCTION Metamaterials are a type of new artificial electromagnetic material. These include left-handed materials [1] [2] , zero-refraction materials [3] [4] [5] , single-negative materials, right/left-hand transmission lines, and photonic crystals, among others. These artificial materials are not present in nature.
Metamaterials have been widely used in various fields such as various special antenna designs [6] [7] [8] [9] [10] , optical imaging [11] , electromagnetic wave stealth, subwavelength waveguide devices [12] , leaky wave elements [13] , and many others. The metamaterials loading on the antenna can result in antenna miniaturization, wide passband, high gain, and other functions. The current small antennas based on metamaterials have been extensively studied. Resonant antennas based on a composite right/left-handed (CRLH) or decentralized design include negative-and zero-order resonant antennas [14] . Micro-antennas based on metamaterial loading include negative permeability metamaterials [15] , high-permeability shells [16] , magnetic photonic crystals (MPC) [17] , and Ziolkowski's proposed near-field resonant parasitic antennas [18] [19] . Meta-resonator antennas [20] [21] include those based on split-ring resonators (SRRs) and complementary split-ring resonator antennas (CSRRs). Loaded hyper-surface antennas [22] [23] include electromagnetic band gap structured (EBG) and reactive impedance surface (RIS) antennas. These promote the miniaturization of the antenna size, reduce the surface wave interference, and improve the radiation characteristics.
Bow tie antennas have many advantages, including light weight, easy design and fabrication, better symmetry in radiation, planar structure, and compact size among other factors. These solve the problem of antenna practicality of the traditional ground-penetrating radar (GPR), which is low because of its excessive size, expensive cost, and insufficient bandwidth. But issues remain, as the antenna gain is not high and the directionality is inaccurate and affects the GPR performance. This paper assesses the application of electromagnetic metamaterials in the new GPR antennas. These ultra-wideband antennas have an operating frequency of 0.5 GHz-1.2 GHz. Single-negative material with an operating frequency of approximately 1 GHz is loaded into the antennas to improve their directivity and gain.
II. ANTENNA DESIGN AND METAMATERIALS
The design of the double bow tie antenna is shown in Fig. 1 
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) has a length of 220 mm, a width of 168 mm, and a thickness of 1.6 mm. We designed the antenna's radiation plate and feeder on both sides of the substrate. The radiation film and feeder are both 0.03 mm thick copper. As shown in Figure 1 , the size of the radiation film is 148 mm x 64 mm x 94 mm. The feeder is symmetrical with a three-section impedance transformer. The first section of the impedance transformer has a length of 10 mm and a width of 2.6 mm, the second section has a length of 36 mm and a width of 3.5 mm, and the third section has a length of 36 mm and a width of 4.1 mm. By adjusting the above parameters, the antenna's bandwidth is maximized, and a standard 50 Ω SMA coaxial connector is used for connection. Fig . 2 shows the antenna simulation. When the S 11 parameter <-9 dB for the passband, the relative bandwidth can reach more than 90%, while the general antenna broadband is only up to 10%. Due to the structure of antenna, because there is no reflector on the back of the radiator plate, the radiation plate capacitance is small. This is conducive to electromagnetic radiation moving outward to avoid the energy that is bounded in the antenna. However, this will also increase the input impedance of the radiation plate, and we found that the angle of the radiation plate is large. According to the equation (1) of the characteristic impedance of a bow tie antenna, a greater flare angle ( ) can indirectly reduce the capacitance, thereby increasing the input impedance. In addition, the thickness of the substrate is set at 1.6 mm compared to the usual 2.5 mm substrate, so the equivalent capacitance increases. Since the feeding microstrip line is symmetrical, its characteristic impedance will be lower than that of the single-sided microstrip feeder. The input impedance of the antenna is matched as close as possible to 50 Ω by an impedance transformer. The mutual compensation between the equivalent capacitors causes the S 11 parameter of the antenna to be relatively gentle. In addition, the extension of the bow tie antenna improves the antenna's radiation performance. 
In a particular frequency, if the permittivity is negative and the permeability is positive, the material is called negative permittivity material. According to an analysis of the constitutive relations, we know that the electromagnetic waves at this time cannot pass through the material. Based on an analysis of the short metal, the structural design of the negative permittivity material is shown in Fig. 3 . The FR-4 substrate parameters shows that the permittivity is negative and the permeability is positive in this frequency, which satisfies the negative permittivity required for the experiment. Fig. 5 shows the permittivity and permeability of the material changing with the frequency. occurs, the metal sheet of the substrate on the front and back also acts as an SRR. This material can also engender electrical resonance concomitantly. Fig. 7 shows the equivalent LC circuit of the material when magnetic resonance and electrical resonance occur. In Fig. 7 (a) , Cm, Lm, and Ce are the capacitance between the copper pieces, the inductance of the metal copper sheet, and the capacitance between the adjacent copper pieces, respectively. Cm and Ce are the same in Fig. 7 (b) as in Fig. 7 (a) , except that the inductance of the metal sheet changes and the calculation is equivalent to the inductance calculation of the double conductor. Fig. 8 shows the S-parameter curves of single-negative material. Through the inversion of the above diagram, we found a frequency of 1 GHz and 3 GHz around the occurrence of magnetic resonance. To verify these results, we observed the surface current at three frequency points, as shown in Fig. 9 . Fig. 9 (a) shows the surface current distribution at 1 GHz. The current direction of the two pieces of metal plate in the front and back in the opposite direction is equivalent to a magnetic dipole, which verifies that the magnetic resonance occurs at 1 GHz. Fig. 9 (b) shows the surface current distribution at 3 GHz. The metal plate in the front and back on the opposite current flow, and then the current flows to form a clear three circulation. This shows that the magnetic resonance at this time is much stronger than at 1 GHz, and the S-parameter values are consistent. Fig. 9 (c) features the metal sheet current direction at 4 GHz. The direction of the current on both sides of the figure is in the same direction, which is precisely the performance of electrical resonance. By comparing the above with the equivalent circuit diagram, we can see that the simulated current direction is consistent with the red current direction in the equivalent circuit, which is further proof of the above. Fig. 10 shows the permittivity and permeability of the material changing with the frequency. We have fully verified the above inference through the curve. It is interesting to note that although the magnetic resonance is generated at 3 GHz in the surface current diagram, the permeability is not less than zero at 3 GHz, which is mainly due to the magnetic dipole formed by the surface current.
III. SIMULATION AND ANALYSIS OF THE METAMATERIAL-LOADED BOW-TIE
The upper part of Fig. 11 is the discrete feed antenna and the bottom orange part is the material. The distance between the material and the antenna is H, H = 50 mm. Due to the symmetry of the negative permittivity material, there is no requirement for the polarization direction of the radiation field of the antenna in the space during the loading process. The result of comparing the antenna loaded the negative permittivity material and the original antenna is shown in Fig. 12 and Fig. 13 . Fig. 12 . The S-parameter curves of the antenna with loading negative permittivity material and without loading. In Fig. 12 , the red curve is an antenna simulation that loads metamaterial and the green curve is an antenna simulation that does not load metamaterial. We can see the effect of the negative permittivity of the metamaterial on the antenna. It limits the passband of the antenna's S 11 parameter.
Electromagnetic waves propagating to the antenna are reflected back in its negative permittivity frequency range. This is equivalent to the realization of the two radiations, thereby enhancing the gain and directionality of the main radiation direction and inhibiting the antenna's backward radiation. Fig.   13 shows that the gain of the original antenna has been improved. With the highest gain at 0° in Fig.   13 (a), the main direction of propagation has also shifted from the original backward direction to the forward direction. However, the antenna gain with the negative permittivity material was greatly improved, with a maximum increase of 7 dB in the same frequency range. Therefore, we concluded that the loading of the negative permittivity material enabled the antenna to achieve high gain and high directivity. The negative permeability material we use is the structure of in Fig. 5 (b) . Unlike loading negative permittivity materials, we need to know the polarization direction of the radiated electric field of the antenna so the electromagnetic field can generate resonance with the material. Fig. 15 (a) shows the electric field direction 50 mm from the antenna; (b) shows the back of the antenna with negative permeability material added. The result of comparing the antenna with loaded the negative permeability material and the original antenna is shown in Fig. 16 and Fig. 17 . In Fig. 16 , the green curve is an antenna simulation that loads metamaterial and the red curve is an antenna simulation that does not load metamaterial. We can see the effect of the negative permeability of the metamaterial on the antenna. It also limits the passband of the antenna's S 11 parameter.
Electromagnetic waves propagating to the antenna are reflected back in its negative permeability frequency range. This is equivalent to the realization of the two radiations, thereby enhancing the gain and directionality of the main radiation direction and inhibiting the antenna's backward radiation. Fig.   17 shows that the gain of the original antenna has improved. With the highest gain at 0° in Fig. 17 (a) , the main direction of propagation has also shifted from the original backward direction to the forward direction. Fig. 18 . Gain simulation results of the antenna with loading negative permeability material and without loading Fig. 18 shows the gain for the antenna in two situations, the red gain for the loaded metamaterial and the green gain for the non-loaded metamaterial. We calculated the antenna gain using CST Microwave Studio, and every 0.1 GHz took a calculation point in the 0.1 GHz to 2 GHz frequency range. From the diagram analysis, we can see that the antenna gain without negative permeability is very gentle, approximately 3 dB in the frequency range of 0.2 GHz-1.3 GHz. However, the antenna gain with the negative permittivity material was greatly improved, with a maximum increase of 6 dB in the same frequency range. Therefore, we concluded that the loading of the negative permeability material enabled the antenna to achieve high gain and directivity. We compared the antenna of this article with the antenna proposed by Rashmiranjan Nayak et al [24] . Fig. 19 shows the maximum gain of the two antennas (the red line indicates the gain of antenna designed by Rashmiranjan Nayak, and the green line is the antenna gain in this article). It can be seen that in the operating frequency range from 0.5 GHz to 1.2 GHz, our antenna gain has increased about 2 dB, while the size of the antenna designed by Rashmiranjan Nayak is about twice as large as our antenna.
IV. CONCLUSION
In summary, the paper presented a high gain and directivity bow tie antenna of a GPR system with metamaterial. An ultra-wideband antenna with an operating frequency of 0.5 GHz-1.2 GHz was designed using CST Microwave Studio; the negative permittivity and permeability material had a working frequency of approximately 1 GHz, realizing the design and simulation of a patch antenna and material in the 1 GHz frequency band. Through the S-parameter inversion of the design material and the analysis of the surface current at the corresponding frequency, we verified the material's characteristics with equivalent negative constitutive parameters. The high gain and directivity of the DOI: http://dx.doi.org/10.1590/2179-10742018v17i21116 antenna loaded with the single-negative material were verified via simulation. Compared to the original antenna, the maximum gain increased by 7 dB and its directivity was greatly improved.
Consequently, it is effective and feasible to load a single-negative metamaterial onto an antenna for high gain and directivity.
